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We combine the D0 measurement of the width difference between the light and heavy B0s mass
eigenstates and of the CP-violating mixing phase determined from the time-dependent angular distribu-
tions in the B0s ! J=  decays along with the charge asymmetry in semileptonic decays also measured
with the D0 detector. With the additional constraint from the world average of the flavor-specific B0s
lifetime, we obtain s  L  H  0:13 0:09 ps1 and jsj  0:700:390:47 or s  0:13
0:09 ps1 and jsj  2:440:470:39. The data sample corresponds to an integrated luminosity of 1:1 fb1
accumulated with the D0 detector at the Fermilab Tevatron Collider.
DOI: 10.1103/PhysRevD.76.057101 PACS numbers: 13.25.Hw, 11.30.Er
One of the great challenges for elementary particle
physics is to trace all possible sources of the violation of
CP symmetry. In the standard model (SM) of particle
physics, CP symmetry is violated through the Cabibbo-
Kobayashi-Maskawa (CKM) mechanism [1]. Although the
SM picture ofCP violation has so far been confirmed by all
laboratory measurements, it has an unsolved problem: the
level of CP violation in the SM is too small to produce the
observed baryon number density in the universe [2].
Sources of CP violation beyond the CKM mechanism
must, therefore, exist to account for the deficit. One signal
of CP violation arises in the mixing of doublets of neutral
mesons.
In the SM, the light (L) and heavy (H) mass eigenstates
of the mixed B0s system are expected to have sizeable mass
and decay width differences: Ms  MH ML and
s  L  H. The two mass eigenstates are expected
to be almost pureCP eigenstates. TheCP-violating mixing
phase is predicted [3] to bes  4:2 1:4  103. New
phenomena may alter s leading to a reduction of the
observed s compared to the SM prediction [3] SMs :
s  SMs  j cossj. While B0s- B0s oscillations have
been detected [4] and the mass difference has recently
been measured to high precision [5], the CP-violating
phase remains unknown. The D0 experiment [6] at the
Fermilab Tevatron Collider has conducted a series of stud-
ies [7–10] of B0s mesons produced in proton-antiproton
(p p) interactions. This report utilizes these results to ob-
tain the best estimate of the CP-violating phase in the B0s
system.
In Ref. [7], we studied the decay sequence B0s ! J= ,
J= ! , ! KK. From a fit to the time-
dependent angular distribution of the decay products, we
obtained the mean lifetime, s  1= s (where s  H 
L=2), s, and the first direct constraint on s. As
discussed in Ref. [7], there is a 4-fold ambiguity in the
result for s: s and s. The sign of sins is
reversed with the simultaneous reversal of the signs of the
cosines of the CP-conserving strong phases 1 and 2. (We
adopted the amplitude definition and sign convention of
Ref. [11]). The possible solutions are
 jsj  0:79 0:56stat0:010:14syst;
s  0:17 0:08stat  0:02systps1;
jsj  2:35 0:56stat0:140:01syst;
s  0:17 0:08stat  0:02systps1:
(1)
The solutions with positive s are consistent with the SM
prediction [7].
Flavor-specific decays are those particular decay chan-
nels where the flavor of the B0s (i.e., whether B0s or B0s) can
be determined from the decay products, e.g., from the
charge of the lepton in B0s semileptonic decay. These
decays are 50% CP even and 50% CP odd at t  0 and
provide independent constraints on the parameters of the
system. An effective mean lifetime, resulting from a
single-exponential fit to the decay time distribution,
fs  1=fs, is related to the physics parameters s and
s through the equation fs  s  s2=2 s 
Os3= 2s [12] (see Fig. 1). We use the world-average
value, fs  1=fs  1:440 0:036 ps [13], from a fit in-
cluding the recent D0 measurement, fs  1=fs 
1:398 0:044stat0:0280:025syst ps [8].
Independently, we obtained another constraint on the
parameters of the B0s system from the measurements of
the semileptonic charge asymmetry induced by B0s mixing.
In general, the semileptonic charge asymmetry for a bq
meson state B0q is defined as [14]
 AqSL 
N B0q ! ‘X  NB0q ! ‘X
N B0q ! ‘X  NB0q ! ‘X
: (2)





In Ref. [9], we measured the same-sign dimuon charge
asymmetry defined as
 ASL 
Nb b! X  Nb b! X
Nb b! X  Nb b! X : (4)
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Both B0d and B0s contribute to this quantity [16], and the




AsSL  0:0092 0:0044stat
 0:0032syst;
Zq  11 y2q
 1
1 x2q
; xq  Mq=q;
yq  q=2q;
(5)
where AdSL and AsSL are the charge asymmetries of the B0d
and B0s semileptonic decays, and fd and fs are the produc-
tion rates of B0d and B0s mesons in the hadronization of the b
quark, respectively. In deriving relation (5), it is assumed
that there is no direct CP violation in semileptonic B
decays and that the semileptonic width of all B mesons is
the same. Using the world-average values [14] fd 
0:398 0:012, fs  0:103 0:014, xd  0:776 0:008,




 0:70 0:07syst  0:10PDG: (6)
The value of Zs was computed using the measured values
of s [7], s [7], and Ms [5]: Zs  1:0150:0180:010. We have
tested that propagating the Zs dependence on s has a
negligible effect on the final results. The systematic uncer-
tainty arises mainly from a conservative estimate of a
possible variation in the reconstruction efficiency of muons
from semileptonic decays of different B mesons [17]. The
Particle-Data-Group uncertainty is due to propagating the
statistical and systematic errors of the world-average inputs
[14] to the uncertainty of the ratio.
The asymmetry AdSL has been measured at B factories
where only B0d and B mesons are produced. The average
value of AdSL is [13]: AdSL  0:0047 0:0046. Com-
bining this value and (5) and (6), and adding statistical
and systematic uncertainties in quadrature, we obtain
 AsSL  0:0064 0:0101: (7)
In Ref. [10], we measured AsSL directly by using all
events with at least one muon that were consistent with
the sequential decay B0s ! Ds with Ds ! . The
result of this measurement is
 AsSL  0:0245 0:0193stat  0:0035syst: (8)
The measurements (7) and (8) are nearly independent since
the fraction of dimuon final states in the sample of semi-
leptonic B0s decays used in Ref. [10] is only about 10%
[18], and the fraction of semileptonic decays B0s ! Ds
with Ds !  in the dimuon sample used in Ref. [9] is
less than 1%. Also, the systematic uncertainties of the two
measurements are uncorrelated. The main source of sys-
tematic uncertainty in (7) is the correction due to K
decays, while in the case of the measurement (8) it is the
fitting procedure.
Their combination gives the best estimate of the charge
asymmetry in semileptonic B0s decays:
 AsSL  0:0001 0:0090: (9)
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FIG. 2 (color online). The error ellipse ( lnL  0:5) in the
plane ( s, s) for the solution with s < 0, cos1 > 0, and
cos2 < 0 of the fit to the B0s ! J=  data (dashed blue line)
and of the fit with both the constraint from the two D0 measure-
ments of the charge asymmetry in semileptonic B0s decay, and
from the world-average flavor-specific lifetime (solid red line).
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FIG. 1 (color online). The error ellipse ( lnL  0:5) in the
plane s versus s for the fit to the B0s ! J=  data (dashed
blue line) and for the fit with the constraint from the two D0
measurements of the charge asymmetry in semileptonic B0s
decay, and from the world-average flavor-specific lifetime (solid
red line). Also shown is a one- band representing the world-
average result [13] for fs (see text) and a one- band represent-
ing the theoretical prediction based on a QCD calculation
assuming only standard model inputs SMs  0:088
0:017 ps1 [3].
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Using relation (3) and the result Ms  17:8 0:1 ps1
from the CDF experiment [5], we obtain:
 s 	 tans  AsSL 	Ms  0:00 0:16 ps1: (10)
We have repeated the fit to the B0s ! J=  data, in-
cluding the constraints from Eq. (10), and from the world-
average measurement of fs discussed earlier. To illustrate
the fit results and the impact of the constraints, in Figs. 1–3
we present likelihood contours in three planes, s versus
s, s versus s, and s versus s, respectively. The
contours indicate error ellipses,  lnL  0:5, corre-
sponding to the confidence level of 39%. The 4-fold am-
biguity remains unresolved. The likelihood profile as a
function of s for the first solution listed in Eq. (1) is
shown in Fig. 4. The extracted value of s deviates from
zero by 1.2 standard deviations.
In summary, for the solution with s < 0, cos1 > 0,
and cos2 < 0, we find the decay width difference and the
CP-violating phase in the B0s system to be
 s  0:13 0:09 ps1; s  0:700:470:39: (11)
The measurement uncertainty is dominated by the limited
statistics. The systematic uncertainties include a variation
of the background model in the analysis of the decay B0s !
J= , detector acceptance, and sensitivity to the details of
the track and vertex reconstruction. The results are con-
sistent with the SM predictions [3].
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